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Abstract We present model results of the interaction of proton and hydrogen atom precipitation with the
Martian atmosphere. We use a kinetic Monte Carlo model developed earlier for the analysis of the
Analyzer of Space Plasmas and Energetic Atoms (ASPERA-3) Mars Express data. With the availability of Mars
Atmosphere and Volatile Evolution Mission in situ measurements, not only the ﬂux of protons incident on the
atmosphere but also their degradation along the orbit may now be described. The comparison of the
simulations with data collected with the Solar Wind Ion Analyzer shows that the Monte Carlo model
reproduces some of the measured features. The results of comparison between simulations and
measurements of the proton ﬂuxes at low altitudes make it possible to infer the efﬁciency of charge
exchange between solar wind and the extended hydrogen corona if the value of the magnetic ﬁeld is
measured simultaneously. We also ﬁnd that the induced magnetic ﬁeld plays a very important role in the
formation of the backscattered ﬂux and strongly controls its magnitude. At the same time, discrepancies
between the modeled and the measured energy spectra of the backscattered protons are pointed out. We
suggest that some of the physical processes controlling the upward ﬂux are not fully understood or that the
data processing of the measured backscattered proton ﬂux should be improved.
1. Introduction
The magnetosphere of Mars is unlike any other in our solar system, though it has aspects in common with
many solar system objects. Mars has no strong global magnetic ﬁeld, which allows the solar wind to interact
directly with its exosphere and upper atmosphere. However, it has crustal magnetic ﬁelds strong enough to
perturb the solar wind interaction. Mars’ relatively weak gravity allows the formation of an extended exo-
sphere, which leads to an upstream interaction in some ways reminiscent of a cometary environment. The
end result is a complex and highly variable magnetosphere, with a mix of induced and intrinsic magnetic
ﬁelds. Observations with the Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars
(SPICAM) instrument on Mars Express (MEX; Bertaux et al., 2005; Leblanc et al., 2006; Ritter et al., 2018) and
the Imaging UltraViolet Spectrograph (IUVS) onboard the Mars Atmosphere and Volatile Evolution Mission
(MAVEN) spacecraft (Deighan et al., 2016; Schneider et al., 2015, AGU Fall meeting 2016) have identiﬁed three
types of aurorae on Mars, two of them (diffuse and proton aurorae) profoundly different from comparable
types on Earth and other planets.
Two types of ultraviolet aurorae excited by energetic electrons were recently discovered on the Mars night-
side. The ﬁrst one (discrete aurora) was assigned to the structures of the residual magnetic ﬁeld in the south-
ern hemisphere (Bertaux et al., 2005; Leblanc et al., 2006). The main characteristics of the discrete aurorae
were deduced from observations performed with the SPICAM instrument onboard MEX (Gérard et al.,
2015). The diffuse aurora represents a second type of Martian auroral emission. It was observed on several
occasions with the IUVS spectrograph in the wavelength range from 110 to 340 nm (Schneider et al.,
2015). This aurora covers a large fraction of the planet in comparison with the very localized discrete aurora.
Its brightness peaks near 65 km, which is signiﬁcantly lower than the peak altitude (~140 km) for the discrete
aurora (Soret et al., 2016). The occurrence of this diffuse aurora is directly related to enhanced solar activity in
the far ultraviolet and the precipitation of high-energy (up to 200 keV) electrons into the Martian upper atmo-
sphere. These aurorae are created by the precipitation of energetic electrons but, unlike the discrete aurora,
they are thought to cover most of the planet for as long as the Sun sustains energetic outbursts, while
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discrete aurorae are conﬁned in space and time. This has signiﬁcant implications for the energy budget of the
middle atmosphere (Shematovich et al., 2017).
Finally, observations with the SPICAM instrument (Ritter et al., 2018) and the IUVS spectrograph (Deighan
et al., 2016, Fall AGU meeting) have identiﬁed a third type, proton aurora, on Mars’ dayside as an excess
hydrogen Lyman-α emission conﬁned to Mars’ thermosphere. The intermittent additional brightness appears
correlated with enhanced solar wind ﬂux conditions. These observations dispel a common misconception
that aurora only occurs near the lines of planetary magnetic ﬁelds. While this is true for the terrestrial aurora
and the discrete aurora on Mars, it does not apply to the Martian diffuse and proton aurorae. In this sense,
Mars serves as the best archetype for auroral processes on unmagnetized planets in our solar system and
beyond. In contrast to previous auroral detections at Mars, the proton aurora is exclusively observed on
the dayside and is characterized by enhanced hydrogen Lyman-α emission (121.6 nm) conﬁned to the
120–150 km altitude range in limb viewing observations (Deighan et al., 2016, AGU Fall meeting 2016;
Ritter et al., 2018). Peak emissions are up to 50% brighter than the optically thick dayglow background across
the dayside and typically last a few hours or less. These events appear as strongly correlated with solar wind
activity and the population of penetrating solar wind protons in the daytime thermosphere previously iden-
tiﬁed by the Solar Wind Ion Analyzer (SWIA) onboard MAVEN (Halekas et al., 2015).
The Martian exosphere (or “corona”) is mainly populated by atomic and molecular hydrogen and extends up
to many Martian radii (Chaufray et al., 2008). Therefore solar wind protons collide with neutral hydrogen in
the extended corona and, following charge exchange and form a ﬂux of fast hydrogen atoms with a velocity
distribution similar to the original solar wind velocity spectrum. Its ﬂux magnitude is of the order of 1–3% of
the solar wind (Barabash et al., 1995; Galli et al., 2008; Holmström et al., 2002; Kallio et al., 1997; Wang et al.,
2013, 2014). These energetic hydrogen atoms (H ENAs) enter the Mars thermosphere where they are repeat-
edly excited through elastic collisions, electron stripping, and charge exchange reactions, emitting Lyman-α
photons when they are in neutral 2p excited state. Thus, unlike most auroral emissions, these photons origi-
nate from the precipitating particles themselves. While there is no exact terrestrial analog to the Martian phe-
nomenon, it bears similarities to the cusp proton aurora, where the solar wind has localized access to the
Earth’s thermosphere (Frey et al., 2002; Gérard et al., 2001) and dayside equatorial precipitation of energetic
neutrals produced in the ring current (Stephan et al., 2000). The solar wind protons are mostly deﬂected
around the obstacle—the induced magnetosphere of Mars. At the same time the high-energy hydrogen
atoms newly created in charge exchange collisions are not forced by electromagnetic ﬁelds and therefore
can penetrate deep into the atmosphere where they collide with atmospheric gases. These processes result
in angular spreading, energy deposition, and backscattering of a fraction of the precipitating ﬂux of H ENAs
(Kallio & Barabash, 2001; Shematovich et al., 2011). These hydrogen ENAs, together with H atoms produced in
the solar wind and magnetosheath (Gunell et al., 2006) and the backscattered population (Futaana et al.,
2006; Mura et al., 2008; Wang et al., 2013, 2014), were observed in the Martian system by the ASPERA-3 instru-
ment onboard MEX. A fraction of the hydrogen atoms (both incoming and backscattered) interact with the
atmosphere in charge-exchange reactions and become protons again. The altitude of the peak energy
deposition is well below the MEX periapsis altitude of ~270 km; the MEX/ASPERA-3 observations of protons
inside the Martian magnetosphere probably represent penetration of hot ions from the magnetosheath,
because at MEX periapis, no protons were observed (Diéval et al., 2012, 2013). According to Halekas, Lillis,
et al. (2015), the highest penetrating proton density with nearly the solar wind velocity was observed by
MAVEN at periapsis (~160 km) in the dayside thermosphere, which is also the location of the highest CO2
density along the orbit. This is consistent with charge exchange and electron stripping of incoming neutral
particles in the Martian atmosphere (Kallio & Barabash, 2001; Shematovich et al., 2011).
In this study, we examine the interaction of proton and hydrogen atom precipitation into the Martian atmo-
sphere. For this purpose, we use a kinetic Monte Carlo model including all major physical processes com-
bined with in situ measurements by Halekas, Lillis, et al. (2015) of the downward proton ﬂuxes from the
magnetosheath at the upper boundary of the modeled atmosphere. We then compare the results of the
calculations of the degradation of the incoming ﬂux as a function of altitude with in situ data collected by
the MAVEN/SWIA instrument (Halekas et al., 2015). This instrument was designed to measure ions with ener-
gies of 30 eV to 25 keV both in the upstream solar wind and within the Martian magnetosphere. Finally, we
draw some conclusions about the importance of the backscattered component and the role of the induced
magnetic ﬁeld in the control of the magnitude of the backscattered component.
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2. Brief Description of the Kinetic Monte Carlo Model
Precipitating high-energy hydrogen atoms and protons lose their kinetic energy in the following collisions:
Hþ Hð Þ þM →
Hþf ’ Hf ’ð Þ þM að Þ
Hþf ’ Hf ’ð Þ þMþ þ e bð Þ
Hf ’ Hþf ’
 þMþ Mð Þ þ eð Þ: cð Þ
8><
>:
with the neutral atmospheric gas. Here M denotes the major atmospheric constituents—CO2, N2, and O—
included in the model. The different channels correspond to (a) the momentum and energy transfer in elastic
and inelastic collisions, (b) ionization of target atmospheric molecules/atoms, and (c) charge transfer and
electron capture collisions. Secondary fast Hf ’ atoms and Hþf ’ protons carry enough kinetic energy to cycle
through the collisional channels listed above. Such collisional cycling results in a growing set of translation-
ally and internally excited atmospheric atoms and/or molecules M*.
To study the precipitation of high-energy H/H+ ﬂux into the atmosphere, we solve the kinetic Boltzmann








f H=Hþ ¼ QH=Hþ vð Þ þ
X
M¼O;N2;CO2
Jmt f H=Hþ; fM
 
: (1)
Equation (1) is written in the standard form for the velocity distribution functions fH/H+(r,v) for hydrogen
atoms and protons and fM (r,v) for atmospheric gas (Gérard et al., 2000). The source term QH/H+ describes
the production rate of secondary H/H+ particles, and the elastic and inelastic collisional terms Jmt for H/H
+
describe the energy and momentum transfer to the ambient atmospheric gas (Shematovich et al., 1994)
which is characterized by local Maxwellian velocity distribution functions. Our kinetic direct simulation
Monte Carlo model (Bisikalo et al., 1995; Gérard et al., 2000; Shematovich et al., 1994, 2011) is used to solve
kinetic equation (1). We used the 1-D approach for space and 3-D for velocities. The details of the model
implementation and description of accuracy of the model (below 10%) can be found in Shematovich
(2008). It should be pointed out that a key aspect of this model is the probabilistic treatment of the scattering
angle distribution, which inﬂuences both the energy degradation rate and the angular redistribution of the
precipitating protons (Bisikalo et al., 2017; Shematovich et al., 2017).
The region under study is limited by the lower boundary which is placed at 80 km, where H/H+ particles are
efﬁciently thermalized. The upper boundary is set at 500 km, where measurements of the precipitating pro-
tons were made by the SWIA instrument (Halekas, Lillis, et al., 2015). All detailed description of the model
numerical aspects used in this study was given in recent papers (Bisikalo et al., 2017; Shematovich et al.,
2017). The CO2, CO, and O density proﬁles and temperature are taken from (Fox & Hac, 2009) for a low level
of solar activity and are shown in Figure 1a. The temperature at 300 km is 139 K, and a change of atmospheric
scale height is observed near 120 km where the temperature starts increasing with altitude.
In the Monte Carlo simulations presented hereafter, we assume that the horizontal induced magnetic ﬁeld is
constant in time and uniform in space. Field intensity values of B = 0, 15, 20, and 30 nT were used for the dif-
ferent runs, in agreement with the range of values measured at Mars by the Mars Global Surveyor (Brain et al.,
2003), the MEX orbiters (Akalin et al., 2010), and MAVEN (Connerney et al., 2015).
3. Results of Monte Carlo Simulations
Mars Atmosphere and Volatile Evolution Mission’s low altitude periapsis now provides an opportunity to
measure the products of hydrogen ENAs penetrating deep in the Martian atmosphere. In this section, we
model both the proton and hydrogen precipitation using in situ measurements of precipitating ﬂuxes at
the top of atmosphere as input parameters of the model. Further comparisons with measurements made
at lower altitudes (near periapsis) allow us to draw some conclusions about the Martian atmosphere and
the model validity.
3.1. Proton Precipitation
The ﬁrst case we consider in the simulation corresponds to the proton energy spectrum measured in the
magnetosheath and was taken from bottom right panel of Figure 1 in Halekas, Lillis, et al. (2015); see also
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Figure 1b (orange line). These measurements were made on 27 February 2015 during an orbit near the
terminator, in a region of very weak crustal magnetic ﬁelds. This case was chosen as a typical one where
we can use both measured proton spectra of solar wind and magnetosheath.
The calculated differential upward H and H+ number ﬂuxes at 500 km for runs without and with induced hor-
izontal magnetic ﬁeld B = 0, 15, 20, and 30 nT are presented in Figure 2. The magnetosheath proton precipi-
tation spectrum used as an input at the upper boundary in the simulations is shown by the orange line.
It is clearly seen that the presence of the induced magnetic ﬁeld plays a very important role in the formation
of the backscattered ﬂux. The total upward energy ﬂuxes of H and H+ are respectively equal to 1.9% and 4.3%
of the incident proton energy ﬂux for the simulation without induced magnetic ﬁeld. These fractions change
to 0.4% and 19% for B = 15 nT, 0.2% and 22% for B = 20 nT, and 0.06% and 25% for B = 30 nT. This increase of
the backscattered proton ﬂux by a factor of 5 is caused by the shielding effect of the horizontal component of
induced magnetic ﬁeld (Shematovich et al., 2011). The gyroradii of the precipitating protons become smaller
than the altitude range (~300 km) needed for protons to reach the collision-dominated region (below
200 km) of the Martian atmosphere.
To compare with the observations, we present the calculated upward and downward H+ ﬂuxes at 160 km in
Figure 3 for cases without and for different values of the induced horizontal magnetic ﬁeld. The input
magnetosheath proton energy spectrum used in calculations is shown by the orange lines. The Monte
Carlo calculations allow us to follow the ﬂux degradation and for the ﬁrst time to make a direct comparison
with the ﬂux measured near periapsis (see Figure 1b).
The simulations indicate that the absolute values of the penetrating ﬂuxes are in a reasonable agreement
with measurements at small magnetic ﬁelds, while it signiﬁcantly decreases if the magnetic ﬁeld increases.
The peak energy for the case without magnetic ﬁeld is at 200 eV, while it shifts to 1,000 eV in the case with
B = 15 nT. The strong dependence of the peak position with the intensity of the induced magnetic ﬁeld is a
key result of these simulations, while it is not clearly seen in current observations. This is conﬁrmed by the
case for B = 30 nT where the peak moves to as much as 2,000 eV. The general shapes of the penetrating ﬂux
are different from the one measured by SWIA at periapsis (see Figure 1b). In the simulations we can see that
the high energy wing is similar to the shape of the energy spectra of the penetrating ﬂux from the magne-
tosheath. We note some depletion of the low energetic wing that is caused by collisional spreading of the
penetrating ﬂux and the formation of the backscattered ﬂux.
Figure 1. Model input data: (a) CO2, CO, and O density proﬁles are taken from Fox and Hac (2009); (b) angle-integrated
proton spectra from the solar wind (brown line) and angle-integrated proton spectra from the magnetosheath (orange
line) were taken from the bottom right panel of Figure 1 in Halekas, Lillis, et al. (2015). The red and black lines correspond to
penetrating and backscattered populations near periapsis at 160 km for 27 February 2015. The vertical dashed line
corresponds to the peak of the undisturbed solar wind protons at 600 eV.
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The peak value of the backscattered ﬂux (black line) is in all cases a few times lower than the penetrating ﬂux. The
shape of the backscattered ﬂux is radically different from the observed backscattered ﬂux (see Figure 1b). The low
energy wing is much larger than the high energy wing due to the process of collisional spreading of the
penetrating protons.
3.2. Hydrogen Atom Precipitation
As mentioned earlier, precipitation of neutral hydrogen atoms is considered as a possible explanation for the
characteristics of the energy distribution of the penetrating proton measured with SWIA such as the shape of
the wings and the relative magnitude of the downward and upward ﬂuxes. We examine this assumption by
simulating fast hydrogen atom precipitation. In the simulation we use the proton ﬂux from solar wind mea-
sured during the 27 February 2015 orbit (see Figure 1b), also shown by the green lines in Figures 4 and 5.
According to the estimates by Kallio et al. (1997), in the model, the spectrum of the precipitating hydrogen
atoms was taken equal to 1% of the angle-integrated ion spectrum from the solar wind.
Figure 2. Upward H (dashed line) and H+ (dotted line) ﬂuxes at 500 km for the case of proton precipitation (a) without and
with induced magnetic ﬁeld (b) B = 15, (c) 20, and (d) 30 nT. The orange line shows the energy spectrum of the
precipitating magnetosheath proton ﬂux.
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The calculated differential upward H and H+ number ﬂuxes at 500 km for cases without and with induced
magnetic ﬁeld B = 15, 20, and 30 nT are presented in Figure 4. The backscattered energy ﬂuxes of H and
H+ are equal to 1.5% and 4.0%, respectively, in the absence of magnetic ﬁeld. For B = 15 nT the backscattered
energy ﬂuxes are 0.7% and 19% of the incident energy ﬂux, for B = 20 nT 0.4% and 25%, and for B = 30 nT
0.03% and 29% for H and H+, respectively. As in the case of precipitating magnetosheath protons, the
increase of the backscattered proton ﬂux shows the same value (by a factor of 5–6) and is caused by the
shielding effect of the horizontal component of induced magnetic ﬁeld.
The upward and downward H+ ﬂuxes at 160 km for the cases without and with an induced magnetic ﬁeld
B = 15, 20, and 30 nT are shown in Figure 5. As can be seen in Figure 5, the downward ﬂuxes of protons peak
around 600 eV in the case of a precipitation of neutral hydrogen from solar wind. The backscattered ﬂuxes of
protons peak at energies slightly less than 600 eV because they are formed by collisional spreading in the
Martian atmosphere that is accompanied by an energy depletion of the penetrating ﬂux of hydrogen atoms.
The peak at 600 eV in the H+ spectra of backscattered ﬂux at 500 km and the downward ﬂux at 160 km is the
result of charge exchange collisions between the precipitating neutral hydrogen spectrum (peaking at
Figure 3. Upward (black line) and downward H+ (red line) ﬂuxes at 160 km for the case of proton precipitation (a) without
and with an induced magnetic ﬁeld (b) B = 15, (c) 20, and (d) 30 nT. The orange line shows the energy spectrum of the
precipitating magnetosheath proton ﬂux.
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600 eV) with the planetary ions, which allows the new protons to keep the same direction and energy as the
original neutral hydrogen atoms.
4. Discussion
The calculated backscattered (black line) and penetrating (red line) proton ﬂuxes at 160 km are shown in
Figure 6 for the case where both hydrogen and proton precipitation were taken into account without (a)
and with induced magnetic ﬁeld B = 15 (b), 20 (c), and 30 (d) nT. It is seen that the total ﬂuxes show the same
features as those produced by hydrogen precipitation. This conﬁrms the idea that protons of the solar wind
can play a dominant role in the proton auroral events. The energy of the peak of the downward ﬂux does not
depend on the inducedmagnetic ﬁeld, while the ﬂux value decreases with increasing B intensity. In the simu-
lations the spectrum of the precipitating hydrogen atoms was taken equal to 1% of the angle-integrated ion
spectrum from the solar wind. With this assumption the ratios of the peak values of the penetrating ﬂuxes
Figure 4. Upward H (dashed line) and H+ (dotted line) ﬂuxes at 500 km for the case of hydrogen precipitation (a) without
and with an induced magnetic ﬁeld (b) B = 15, (c) 20, and (d) 30 nT. The green line shows the energy spectrum of the
precipitating hydrogen ﬂux.
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obtained in simulations to the measured ones (shown in Figure 1b as a red curve) are as follows: 11.5, 2.4, 0.5,
and 0.05 for the B = 0, 15, 20, and 30-nT cases, respectively.
As we have simultaneous MAVEN observations of the downward ﬂuxes and induced magnetic ﬁeld, we have
a possibility to estimate the efﬁciency of charge exchange between solar wind and extended hydrogen cor-
ona. According to Connerney et al. (2015), the value of the induced magnetic ﬁeld is on the level of 10–15 nT.
This implies that the efﬁciency of the conversion of the protons to hydrogen atoms should be a factor 3–5 less
than 1%. For larger values of the magnetic ﬁeld, the efﬁciency increases and will reach the level of 1%, for
B~15–20 nT, and it could be as large as 20% for B = 30 nT.
An important point to discuss is the discrepancy between the shapes of calculated and measured ﬂuxes at
low altitudes. Indeed, the SWIA observations show an unexpected behavior of the wings of the downward
proton ﬂux spectra. Both the low energy (below peak, at E< 400 eV) and the high energy components (above
peak, at E> 800 eV) of the backscattered ﬂux exceed the downward proton ﬂux (Figure 1b). The Monte Carlo
simulations cannot reproduce this behavior. For the runs with inducedmagnetic ﬁeld, the model calculations
Figure 5. Upward (black line) and downward (red line) H+ ﬂuxes at 160 km for the case of hydrogen precipitation (a) with-
out and with induced magnetic ﬁeld (b) B = 15, (c) 20, and (d) 30 nT. The green line shows the energy spectrum of the
precipitating hydrogen ﬂux.
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indicate (Figures 6b–6d) that at low energies the backscattered ﬂux can be larger than the penetrating one.
Comparison of the results presented in the study suggests that one possibility to explain the depletion of the
low energy wing of the penetrating protons is their deﬂection at higher altitudes by the horizontal magnetic
ﬁeld preventing them from reaching the 160-km level. This is illustrated by the comparison of black and red
curves in Figures 3 and 5. Nevertheless, the higher value of the backscattered ﬂux was obtained just in small
energy interval at low energies. For higher energies and in the higher energy wing, the modeled
backscattered ﬂux was always less than the penetrating one. It is important to note that in measurements,
the slope of the high energetic wings (both in backscattered and penetrating ﬂuxes) is less steep than
those in the precipitating spectra at MAVEN periapsis, so the system should provide an additional (to the
energy carried by the penetrating particles) physical process producing the high energetic particles.
Another important feature is that the large disagreement between simulations and measurements is in the
relative magnitude of backscattered and penetrating ﬂuxes at 160 km. In all runs the backscattered ﬂux is
always much less than the penetrating one and their ratio does not exceed the value of 3%. In the MAVEN
observations the relative magnitude of the downward and upward ﬂuxes is totally different. This is seen
Figure 6. Upward (black line) and downward (red line) H+ ﬂuxes at 160 km for the case of both hydrogen and proton
precipitation (a) without and with induced magnetic ﬁeld (b) B = 15, (c) 20, and (d) 30 nT. The green and orange lines
show the energy spectrum of the precipitating hydrogen and proton ﬂuxes, respectively.
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in the plot of the penetrating and backscatter populations near periapsis for the 27 February orbit (Figure 1b),
where the upward energy ﬂux apparently exceeds the downward one. This case is not unique as it could be
seen from right top panel in Figure 3 of Halekas, Lillis, et al. (2015), where the ratio of backscattered and
downward ﬂuxes is always higher than 0.1, and frequently more than 1. If these measurements are correct,
the higher values of the upward ﬂux relative to the downward ﬂux also imply the existence of an energy
reservoir supplying the upward ﬂux. According to Halekas, Lillis, et al. (2015) two such potential energy reser-
voirs are the penetration of neutral hydrogen (not measured by SWIA-MAVEN) or the presence of electric
currents. The role of H atom penetration can be evaluated from our simulations. The total energy stored in
the precipitating ﬂux is large enough to supply the upward ﬂux, but its energy distribution signiﬁcantly differs
from the measurements. In addition, the simulations do not suggest that the interaction between the precipi-
tating population and the atmosphere can produce a high-energy wing in the upward moving protons at
160 km (Figure 5). The role of the electric currents is not clear, but this effect is unlikely to be very large in
an unmagnetized planet. An additional possible factor affecting the upward to downward ﬂux ratio is the pre-
sence of a horizontal magnetic ﬁeld. Indeed, simulations shown in Figures 3 and 5 indicate that the presence of
themagnetic ﬁeld reduces the downward ﬂux at low energies more signiﬁcantly than the upward ﬂux, leading
to a strong change in the ratio of the downward to upward ﬂuxes at low energies. However, an important
result is that our simulations never produce upward ﬂuxes in the high-energy tail exceeding the downward
ﬂux at any energy. These results are thus in disagreement with the SWIA data, but they partially agree with
the measurements showing a decrease of the upward/downward ﬂuxes ratio with increasing energy.
5. Conclusions
The characteristics of the MAVEN orbit, with its low altitude periapsis, now make it possible to measure the
proton energy spectrum of the upward and downward ﬂuxes of protons down to about 160 km. The
SWIA/MAVEN instrument frequently detects a low ﬂux of positive ions traveling at a velocity equal to that
of the upstream solar wind. Measurements of the ion composition with the STATIC instrument have shown
(Brain et al., 2015) that these ions are protons, in agreement with the idea that these are H ENAs reconverted
into protons as described earlier. The ﬂux measurements have been compared for the ﬁrst time with Monte
Carlo simulations of the interaction of energetic protons and hydrogen ENAs with the upper atmosphere of
Mars. The comparison of the ﬂux and energy distributions of the downward and upward moving populations
makes it possible to infer information on the characteristics of the upstream solar wind protons. In addition,
the solar wind hydrogen deposition in the atmosphere may be inferred from the comparison of the charged
fraction to the total H ENA abundance.
The results of simulations show that the efﬁciency of charge exchange between solar wind and the extended
hydrogen corona can be evaluated from the comparison between simulations andmeasurements. The domi-
nant role of the hydrogen precipitation allows to assume that the value of the peak of the energy ﬂux of
downward protons at lower altitudes is mainly deﬁned by the ﬂux of precipitating hydrogen. We also found
a strong dependence of the value of the downward protons peak on the strength of the induced magnetic
ﬁeld. Assuming that the spectrum of the precipitating hydrogen atoms is equal to 1% of the angle-integrated
ion spectrum from the solar wind, we obtain the following ratio of the peak values of the penetrating ﬂuxes
obtained in simulations to the measured ones: 11.5, 2.4, 0.5, and 0.05 for cases B = 0, 15, 20, and 30 nT,
respectively. These results imply that for the case without magnetic ﬁeld the efﬁciency of the conversion
of the protons to hydrogen should be equal to 0.1%, for B = 15 nT 0.4%, at B = 20 nT 2%, and at B = 30 nT
20%. For the measured values of the induced magnetic ﬁeld on the level of 10–15 nT (Connerney et al.,
2015), the efﬁciency of the conversion of the protons to hydrogen is therefore estimated ~0.2–0.3%.
Simultaneous observations of themagnetic ﬁeld and downward ﬂuxes allow estimating this value with rather
high accuracy.
This study indicates that the presence of the induced horizontal magnetic ﬁeld does not signiﬁcantly modify
the peak energy of the downward proton ﬂux, but that the ﬁeld intensity controls the total ﬂux. The shape of
the low- and high-energy tails of the calculated proton ﬂux distribution at low altitude signiﬁcantly differs
from that reported from the SWIA instrument. The calculated low energy upward proton ﬂux below
600 eV, unlike the SWIA measurements, remains less than the downward ﬂux. Although the presence of
the induced ﬁeld somewhat affects the value of this low-energy upward ﬂux, it is not sufﬁcient to
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reproduce the observed upward/downward ratio. An even more puzzling discrepancy is the large value of
the high-energy tail of the upward ﬂux relative to the downward proton ﬂux. None of our simulations for pro-
ton or H ENA precipitation, with or without an induced magnetic ﬁeld, is able to produce this feature, which
implies the existence of an energy reservoir inside the ionosphere. The role of precipitation of fast H atoms
has also been examined, but the simulations indicate that this H ENA population is equally unable to gener-
ate the proton high-energy tail described in the SWIA measurements of the upward moving protons
near periapsis.
Finally, the expected characteristics of Lyman-α enhancements based on this model will also be compared
with observations of recently discovered proton aurora (Deighan et al., 2016, AGU Fall meeting 2016; Ritter
et al., 2018) in a future study.
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